Glioblastoma (GBM) is the most common malignant brain tumor in humans and has a median survival of only 14 months; therefore, new treatment strategies for this devastating disease are desperately needed (1) (2) (3) . Brain tumor stem cells, also known as brain tumor-initiating cells (BTICs), have been prospectively isolated by several research groups (4-7) and have been shown to be resistant to conventional radiation therapy and chemotherapy (8, 9) . Targeting brain tumor stem cells, by blocking Notch signaling with a γ-secretase inhibitor (GSI) or by inducing activation of the bone morphogenetic protein (BMP) pathway with BMP4, has shown some efficacy in preclinical studies (10, 11) , bringing hope to improving brain tumor treatment based on targeting cancer stem cells.
The Notch pathway is a developmental signaling pathway that regulates cell fate decisions and stem cell self-renewal in multiple organs of almost all species, including neural stem cells of the mammalian CNS (12) (13) (14) (15) . Dysregulation of Notch signaling has been observed in many types of neoplasm, including GBM (7, (16) (17) (18) (19) . Several reports have shown that Notch pathway blockade by GSI inhibits BTIC propagation and prolongs survival in mice bearing intracranial xenografts (20, 21) . Moreover, in a recent Phase I clinical trial, 24% of patients with malignant glioma (a total of 44) responded to GSI treatment and had stabilized disease for more than four months (22) . Although some malignant glioma patients benefited from GSI treatment, most GBM patients did not respond to GSI treatment, and the mechanism of GSI resistance in GBM cells is largely unknown.
GBMs are molecularly divided into proneural, proliferative, and mesenchymal subclasses, according to an initial study based on gene expression profiling (23) . It was immediately speculated that the proneural subgroup would be sensitive to GSI therapy, as this population of GBMs exhibits a higher level of Notch pathway activation than the other subgroups (23) . Indeed, a recent study showed that GBM neurosphere cells with a strong proneural gene signature respond to GSI treatment (24) . Although no stratified clinical trial to assess GSI for the treatment of proneural GBMs has been carried out, identification of the molecular mechanism of GSI resistance in GBM has the potential to help develop novel therapies for this deadly disease. In the current issue, Xie et al. elegantly demonstrate that a mediator of Notch signaling, RBPJ, is overexpressed in GSI-resistant BTICs preferentially in proneural GBMs and is required for BTIC propagation both in vitro and in vivo (25) . The results of this study are of substantial clinical relevance, because a mechanism of GSI resistance in BTICs has been identified, thereby providing a new approach to target GSI-resistant tumor cells in general.
The Notch signaling pathway and RBPJ
Canonical Notch signaling is initiated when a Notch ligand, such as JAGGED (JAG1 or JAG2) or DELTA (DLL1, 3, or 4), binds to a NOTCH receptor (NOTCH1, 2, 3, or 4) on adjacent cells. In turn, ligand binding to the NOTCH receptor induces γ-secretase-mediated proteolytic cleavage of the NOTCH receptor at the transmembrane domain to release NOTCH intracellular domain (NICD), which translocates into the nucleus, binds RBPJ protein complexes situated on DNA, recruits co-activators, and removes corepressors to activate downstream target genes, such as HES and HEY family genes (26) (27) (28) . In the absence of NICD, RBPJ associates with histone deacetylase-containing co-repressors, including SMRT, SHARP, CtBP, SKIP, and CIR, in closed
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While most studies have shown that canonical Notch signaling activates target genes through the DNA-binding RBPJ protein complex, Rbpj knockout mice do not have the same phenotype as Notch knockout mice (34) . This discrepancy suggests that RBPJ can function in both Notch-dependent and -independent manners (refs. 35, 36, and Figure 1 ). In addition, RBPJ generally represses target gene expression in the absence of NICD; therefore, it is believed that knockout or knockdown of RBPJ could result in derepression of target genes (26, 36) . Indeed, loss of RBPJ has been shown to induce expression of several Notch target genes, either in the presence or absence of NICD, and increase tumorigenesis in breast cancer and Burkitt lymphoma cells (37) . In contrast, Xie et al. show that knockdown of RBPJ only derepresses a few Notch target genes, such as HES5, but induces apoptosis in BTICs (25) . One possible reason for these opposite effects from knockdown of RBPJ in tumor cells is that the breast cancer cells and Burkitt lymphoma cells used were dependent on Notch signaling to grow (37) , whereas the BTICs used by Xie et al. were already independent of Notch signaling for their growth (GSI-resistant cells) ( Figure 1 ). Another possibility is that there could be different RBPJ binding landscapes across the genome and different Notch-dependent target genes in different types of tumor cells.
RBPJ target genes
Xie et al. performed RNA-seq to examine changes in the transcriptional profile of BTICs in response to RBPJ knockdown or Notch signaling blockade with GSI (25) . Only 10% to 15% of genes were commonly regulated by both RBPJ and Notch signaling, suggesting that RBPJ regulates BTIC propagation mostly through the regulation of Notch-independent genes, an observation supported by the fact that propagation of GSI-treated BTICs is independent of Notch signaling. Xie et al. determined that tumorigenesis-associated genes FOXM1, CCNA2 (cyclin A2), and KRAS are not only exclusively regulated by RBPJ at the transcriptional level but also contain RBPJ binding sites at their promoter regions, suggesting that these genes are possible direct targets of RBPJ in BTICs (25) . ChIP-PCR analysis confirmed that FOXM1, CCNA2, GSI resistance in GBMs has not been carefully investigated. Interestingly, Xie et al. found that GSI-resistant BTICs have elevated RBPJ expression compared to non-BTICs and that BTICs lose RBPJ expression and stem cell markers upon their differentiation (ref. 25 and Figure 1 ). In addition, knockdown of RBPJ expression by shRNA decreased BTIC propagation in vitro and in vivo by inducing apoptosis (25) . This reduction in BTIC propagation prolonged survival in mice bearing intracranial xenografts (25) . Together, these results demonstrate that RBPJ is required for GSI-resistant BTIC propagation. chromatin to suppress gene transcription (26) (27) (28) . Binding of NICD to RBPJ dissociates the co-repressor complex from RBPJ, and recruits mastermind-like proteins (MAMLs) and histone acetyltransferases to the NICD-RBPJ complex, thereby remodeling chromatin to activate transcription of target genes (26) (27) (28) . Active NOTCH1 mutations have been found in about 60% of T cell acute lymphoblastic leukemias (T-ALLs) that respond to GSI treatment (29, 30) . Subsequently, it has been shown that genetic and epigenetic alterations of tumor cells contribute to GSI resistance in T-ALL (31-33). However,
Figure 1. Targeting tumor cells with elevated level Notch activity with γ-secretase inhibitors (GSIs) or shRBPJ.
Tumor cells with elevated levels of Notch activity can be divided into Notch signalingdependent and -independent classes, which are based on their genetic or epigenetic background. For Notch-dependent tumor cells, GSI treatment can reduce Notch target gene expression and decrease propagation. However, shRPBJ in these same cells will release RBPJ-mediated repression of gene transcription, induce expression of Notch target genes, and increase tumor cell propagation. In contrast, in Notch-independent tumor cells, or GSI-resistant cells, GSI treatment still can block NICD formation and decrease Notch target gene expression. However, GSI treatment has no effect on propagation, because growth of Notch-independent tumor cells depends on genes that are not Notch targets. In this issue, Xie et al. demonstrate that knockdown of RBPJ in Notch-independent cells downregulates expression of genes, including FOXM1, CCNA2, and KRAS, that control brain tumorinitiating cell (BTIC) self-renewal and proliferation, and thereby decreases tumor growth through partnering with CDK9, which regulates elongation of RBPJ target genes. Furthermore, Xie et Figure 1 ). As RBPJ is considered to be a housekeeping gene and is expressed in most cells in the body (39, 40) , the potential toxicity of these approaches in normal cells will need to be closely watched during future studies aimed at evaluating the clinical application of RBPJ-targeting therapies.
located in the promoter region of RBPJ (25) . Moreover, they confirmed that overexpression of c-MYC induces transcription of RBPJ, as detected by a luciferase reporter assay, and demonstrated direct c-MYC binding at the RBPJ promoter using ChIP-PCR. In addition, knockdown of MYC decreased RBPJ expression at the protein level. Taken together, these results demonstrate that c-MYC is one of the upstream regulators of RBPJ that directly regulates RBPJ expression at the transcriptional level. However, MYC has been shown to be a canonical Notch target in previous studies (41) (42) (43) . Notch regulates c-MYC expression through RBPJ binding to both promoter and super-enhancer regions of MYC (41) (42) (43) . As the BTICs used by Xie et al. have canonical Notch activity, albeit they were not dependent on Notch signaling to grow, it is unclear if canonical Notch signaling contributes to the expression of c-MYC in these cells. While GSI treatment indeed blocked NICD1 formation in BTICs (25) , the effects of GSI on c-MYC expression are not known. Nevertheless, Xie et al. found that blocking c-MYC expression with the selective bromodomain inhibitor JQ1 decreases BTIC propagation in vitro and in vivo, providing another potential therapeutic strategy for treating GSI-resistant GBMs (Figure 1 ).
Indication and future directions
Xie and colleagues have discovered that the MYC/RBPJ/CDK9 pathway is critical for BTIC self-renewal (25) , results with clinical implications not only for GBM treatment, but also for cancer-targeting therapies in general, particularly for GSIresistant tumors (Figure 1 ). Based on previous reports and the current study by Xie et al., tumor cells with Notch activity can be roughly divided into Notch-dependent and Notch-independent classes (Figure 1 ). Notch-dependent tumor cells most likely will respond to GSI treatment; however, knockdown of RBPJ in Notch-dependent tumor cells will release repression of Notch target genes and may promote tumor growth. In contrast, for Notchindependent tumor cells, although GSI treatment can still block Notch signaling, this strategy will not inhibit growth of these cells. Therefore, Notch-independent tumor cells are considered to be GSI resistant. Knockdown of RBPJ expression and KRAS are indeed direct targets of RBPJ and independent of Notch regulation in BTICs, suggesting that RBPJ regulates propagation of GSI-resistant BTICs at least in part through direct regulation of FOXM1, CCNA2, and KRAS expression. Furthermore, Xie et al. transduced HA-tagged RBPJ into BTICs and performed immunoprecipitation using an anti-HA antibody and carried out proteomic analysis of RBPJ binding proteins to identify RBPJ co-factors (25) . CDK9 tightly bound to RPPJ and regulated transcription of RBPJ target genes, including FOXM1, CCNA2, and KRAS, through transcription elongation, a result that is consistent with previous studies showing that CDK9, unlike CDK8, is involved in RBPJ-regulated transcription independent of NICD (38) . The study by Xie et al. indicates that CDK9 is only involved in transcription elongation; therefore, it remains unknown how RBPJ modulates the changes in chromatin conformation that are required to initiate transcription, as RBPJ generally binds to closed chromatin in its default state. Interestingly, Xie et al. indeed found that the lysine-specific demethylase LSD1 is also associated with RBPJ and may be involved in transcription initiation (25) . Further investigation of the mechanism of RBPJ-regulated, Notchindependent transcription initiation will be very interesting. Nevertheless, Xie et al. have now shown that CDK9 is also required for propagation of GBM BTICs through regulation of FOX1, CCNA2, and KRAS, and that pharmacological inhibition of CDK9 activity with the CDK9 inhibitor dinaciclib (or LY2857785) inhibits BTIC growth and prolongs survival in mice bearing intracranial GBM xenografts (ref. 25 and Figure 1 ). Together, these results of Xie and colleagues indicate that interfering with RBPJ-regulated gene transcription with CDK9 inhibitors has potential as a clinically relevant therapeutic approach to treat GSI-resistant BTICs.
Regulation of RBPJ expression
RBPJ has been shown to function as a housekeeping gene in cells from different organs (39, 40) . It will be interesting to know how RBPJ expression is elevated in BTICs compared to non-BTICs. Xie et al. explored a publicly available ChIP-seq data set and found c-MYC binding sites
